BACKGROUND: Abdominal near-infrared spectroscopy (aNIRS) may detect gastrointestinal hypoxia before necrotizing enterocolitis develops. We sought to validate aNIRS during splanchnic hypoxia and hypoperfusion in neonatal piglets. METHODS: Anesthetized piglets underwent systemic hypoxia or 3 h superior mesenteric artery (SMA) ligation with aNIRS monitoring. RESULTS: During progressive hypoxia, gastrointestinal tissue oxyhemoglobin saturation measured by aNIRS decreased linearly with oxyhemoglobin saturation measured directly in the portal vein. Correlation coefficients were 0.94-0.99 in each of 10 piglets, the average regression slope of 0.73 (95% confidence interval: 0.57, 0.89) differed from one (Po0.004), and the intercept on the aNIRS axis of 9.5% (4.4, 14.6) differed from zero (Po0.0025). Umbilical venous oxyhemoglobin saturation also correlated strongly with the portal vein oxyhemoglobin saturation (r = 0.83-0.99), with a slope not different from one. SMA ligation caused ileal blood flow to decrease by~50%, and produced a sustained decrease in aNIRS oximetry from approximately 60 to 30%. CONCLUSION: aNIRS can detect abrupt and sustained gastrointestinal hypoperfusion associated with arterial occlusion in a neonatal model. The highly linear relationship of portal venous oxyhemoglobin saturation with aNIRS and umbilical vein saturation during graded hypoxia implies that these measures can accurately track tissue oxygenation trends over a wide range in individual subjects.
BACKGROUND: Abdominal near-infrared spectroscopy (aNIRS) may detect gastrointestinal hypoxia before necrotizing enterocolitis develops. We sought to validate aNIRS during splanchnic hypoxia and hypoperfusion in neonatal piglets. METHODS: Anesthetized piglets underwent systemic hypoxia or 3 h superior mesenteric artery (SMA) ligation with aNIRS monitoring. RESULTS: During progressive hypoxia, gastrointestinal tissue oxyhemoglobin saturation measured by aNIRS decreased linearly with oxyhemoglobin saturation measured directly in the portal vein. Correlation coefficients were 0.94-0.99 in each of 10 piglets, the average regression slope of 0.73 (95% confidence interval: 0.57, 0.89) differed from one (Po0.004), and the intercept on the aNIRS axis of 9.5% (4.4, 14.6) differed from zero (Po0.0025). Umbilical venous oxyhemoglobin saturation also correlated strongly with the portal vein oxyhemoglobin saturation (r = 0.83-0.99), with a slope not different from one. SMA ligation caused ileal blood flow to decrease by~50%, and produced a sustained decrease in aNIRS oximetry from approximately 60 to 30%. CONCLUSION: aNIRS can detect abrupt and sustained gastrointestinal hypoperfusion associated with arterial occlusion in a neonatal model. The highly linear relationship of portal venous oxyhemoglobin saturation with aNIRS and umbilical vein saturation during graded hypoxia implies that these measures can accurately track tissue oxygenation trends over a wide range in individual subjects. N eonatal gastrointestinal ischemia and necrotizing enterocolitis (NEC) can have devastating consequences, especially if the diagnosis is delayed. Noninvasive methods that diagnose gastrointestinal hypoxia early might improve outcomes. Near-infrared spectroscopy (NIRS) is a continuous, non-invasive tool that measures regional tissue oxyhemoglobin saturation (1) . Changes in NIRS can reflect the changes in tissue perfusion and the risk of ischemic injury (2, 3) . The gastrointestinal tract is highly vulnerable to injury because blood flow is directed toward other vital organs in critically ill infants (4) . Pathologic abdominal processes, such as NEC, intestinal volvulus, or intestinal ischemia are often diagnosed late, when irreversible injury has already occurred. Thus, such neonates, whether full-term or premature, are at considerable risk of morbidity and mortality. Abdominal NIRS (aNIRS) may permit early diagnosis, treatment, and monitoring of gastrointestinal hypoxia and hypoperfusion.
Because aNIRS measures a broad anatomic region, it may capture tissue outside the gastrointestinal tract. Therefore, we tested the accuracy of aNIRS for detecting gastrointestinal hypoxia during graded whole-body hypoxia and splanchnic hypoperfusion from superior mesenteric artery (SMA) ligation. We hypothesized that aNIRS would correlate with the portal vein oxyhemoglobin saturation during whole-body hypoxia and with terminal ileum laser-Doppler flowmetry (LDF) during SMA ligation. We also tested whether umbilical and portal vein oxyhemoglobin saturations correlate during hypoxia, because umbilical venous blood gases are clinically available in routine neonatal intensive care.
METHODS

Animal Preparation
All procedures were approved by the Animal Care and Use Committee at Johns Hopkins University, and the care and handling of the animals were in accord with the National Institutes of Health guidelines. Full-term, neonatal male piglets (3-5 days old, 1.5-2 kg) were anesthetized with 5% isoflurane and 50%/50% nitrous oxide/ oxygen for tracheostomy. Mechanical ventilation was used to maintain normocapnea. Isoflurane was decreased to 2% after tracheostomy, and the femoral artery and the vein were cannulated for arterial blood pressure monitoring and intravenous (IV) administration of medications and fluids. The nitrous oxide was discontinued after placement of the femoral venous catheter. Fentanyl (10 μg/kg bolus+10 μg/kg/h), 1.5% isoflurane, and rocuronium (0.2 mg/kg/h) were administered for the remainder of the experiment. Piglets received maintenance IV fluids with 5% dextrose in 0.45% saline at 4 ml/kg/h. Arterial blood pressure, heart rate, rectal temperature, and end-tidal CO 2 were monitored continuously. Hemoglobin and blood gas data were obtained at time points described below.
Graded Hypoxia
We placed portal and umbilical venous catheters in piglets destined for whole-body hypoxia. The umbilical vein was cannulated through the umbilical stump with a 3.5 Fr umbilical catheter (Utah Medical Products, Midvale, UT) that was advanced 5-6 cm. Then, a midline laparotomy was performed for splenic vein cannulation with a 3.5 Fr catheter, which was advanced into the portal vein. The incision was then sutured closed. An aNIRS probe (Medtronic, INVOS 5100, pediatric NIRS sensor, Medtronic, Minneapolis, MN) was placed over the right lower abdominal quadrant to target the terminal ileum, a region commonly affected by NEC. The right lower quadrant also avoids the bladder, which may become distended from urinary retention during general anesthesia. The INVOS NIRS system uses two wavelengths of near-infrared light at 730 and 810 nm to measure the concentrations of regional oxygenated and deoxygenated hemoglobin (5) . The pediatric sensors have an emitter to distal (deep) detector distance of 40 mm, with a signal penetration depth of 2 cm.
After a 1-h post-operative recovery period, we induced wholebody hypoxia through eight stepwise decreases in the percent of inspired oxygen (FiO 2 ) from 21 to 10%. Piglets were exposed to each FiO 2 level (21, 18, 16, 15, 14, 13, 12, 11, and 10%) for 6 min. At the completion of each 6-min interval, we sampled the portal vein, umbilical vein, and femoral artery blood for the measurement of pH, blood gases, hemoglobin, and O 2 saturation (Radiometer ABL Flex 800, Copenhagen, Denmark). We also recorded the aNIRS oxyhemoglobin saturation at the same time points for analysis. We ensured that the aNIRS oxyhemoglobin saturation was stable over 60 s before recording the data to minimize the risk of artifact. Piglets were euthanized with Beuthanasia-D (50 mg/kg, Henry Schein Animal Health, Dublin, OH), in addition to isoflurane and fentanyl, before postmortem confirmation that the catheters were correctly placed in the umbilical and portal veins.
SMA Ligation
A separate group of animals underwent SMA ligation. After placing the femoral arterial and venous catheters as described above, we made a midline laparotomy incision. We then identified the terminal ileum and secured a 1-mm diameter laser-Doppler probe (Moor Instruments, Devon, England) to it with liquid adhesive. The incision was sutured closed and an aNIRS probe was placed over the right lower abdominal quadrant, as described above. Finally, we identified the SMA through a left flank retroperitoneal incision and encircled it loosely with 3-0 silk suture.
After a 1-h post-operative recovery period, a baseline LDF value was recorded. We then ligated the SMA by tightening the suture. The post-ligation LDF and aNIRS measurements were recorded every 5 min for 15 min and then every 15 min for 180 min. Piglets were euthanized with Beuthanasia-D (50 mg/kg), in addition to the isoflurane and fentanyl, after which we confirmed positioning of the ileal laser-Doppler probe and SMA ligature.
Splanchnic-Cerebral Oxygenation Ratio
A pediatric NIRS probe was placed across the piglets' forehead for cerebral oximetry with cerebral NIRS (cNIRS), during graded hypoxia and SMA ligation. We recorded single cNIRS data points simultaneously with the aNIRS data acquisition at the end of each FiO 2 6-min exposure and at each time point during SMA ligation. The values were then used to calculate the splanchnic-cerebral oxygenation ratio (SCOR = aNIRS/cNIRS).
Statistical Analysis
Data were analyzed with SigmaPlot (v12.3, Systat Software, San Jose, CA), and the graphs were generated with SigmaPlot and GraphPad Prism (v7.02, GraphPad Software Inc., La Jolla, CA). Data are presented as medians and interquartile ranges (IQR). The changes over time were analyzed with the Friedman repeated-measures analysis of ranks test, with post hoc comparison to the baseline value by Dunnett's test. In each piglet subjected to graded hypoxia, linear 
Sample Size
We did not have a priori data in our full-term piglet model with graded hypoxia or SMA occlusion. A previous study in premature piglets reported a difference in aNIRS saturations of 6.5% (standard deviation (SD): 4) between piglets with non-fulminant NEC and those with no NEC (6). Using these estimates, a sample size of seven would reject the null hypothesis that injured and non-injured piglets have similar aNIRS values at an alpha level of 0.05 and power of 0.8. Because we are studying full-term piglets and we did not test for pathologic evidence of NEC (and thus the effect size may be smaller), we increased the sample size by 40% to test aNIRS during graded hypoxia.
A study in adult rabbits with SMA occlusion and bowel reperfusion reported a difference in the aNIRS tissue oxygenation index (similar to the oxyhemoglobin saturation used in our study) of 8% (SD: 3.7) (7). With these estimates, a sample size of five would reject the null hypothesis of no difference across time with bowel ischemia and reperfusion at an alpha level of 0.05 and power of 0.8. We increased the sample size by 60% in our neonatal piglets to study aNIRS during SMA occlusion.
RESULTS
Twelve male piglets received graded, whole-body hypoxia and eight male piglets underwent SMA ligation. We monitored aNIRS in 10 piglets during hypoxia and in 8 during SMA ligation. The cNIRS was monitored in eight piglets during hypoxia and in eight during SMA ligation. We could not monitor aNIRS in all piglets, because the aNIRS cable stopped working and then had to be replaced in two piglets. Abdominal NIRS in a model of GI hypoxia | Articles blood pressure decreased at an FiO 2 of 10%, and the pH decreased at FiO 2 levels below 13%. Hemoglobin (P = 0.353) and PaCO 2 (P = 0.293) levels did not differ as FiO 2 decreased. The oxyhemoglobin saturation, as measured by aNIRS (n = 10, Po0.001), cNIRS (n = 8, Po0.001), portal vein (n = 12, Po0.001), and umbilical vein (n = 12, Po0.001), decreased with progressive hypoxia (Figure 1 ). Significant decreases in aNIRS and portal vein saturations from the baseline values were first identified at an FiO 2 of 15% (Po0.05 for both), which corresponded to a PaO 2 of 43 mm Hg. Likewise, the umbilical vein and cNIRS saturations first differed from baseline at an FiO 2 of 14% (Po0.05 for both). Some piglets did not display NIRS readings at FiO 2 10% (n = 1), and some piglets' portal (n = 1) and umbilical catheters (n = 4) did not have blood return at FiO 2 11% and lower.
For each of the 10 piglets in which we obtained aNIRS during hypoxia, the relationship of aNIRS tissue oxyhemoglobin saturation to portal vein oxyhemoglobin saturation was highly linear, with correlation coefficients ranging from 0.94 to 0.99 (Figure 2a-j) . The average regression coefficient was 0.73 (95% confidence interval (CI): 0.57, 0.89), which differed significantly from one (Po0.004) by t-test (Figure 2l) . The aNIRS-intercept averaged 9.5% (CI: 4.4, 14.6), which differed significantly from zero (Po0.0025) by t-test (Figure 2k ).
When we pooled the data from 10 piglets, the correlation coefficient was 0.923, the regression slope was 0.70, and the aNIRS intercept was 10.6% (Figure 2m) . The mean bias determined with a Bland Altman plot (Figure 2n ) was -0.3%, and the limits of agreement (±1.96 SD) ranged from -19.0 to 18.4%. Although the mean bias of -0.3% is not clinically meaningful, it should be noted that the bias varied significantly with the level of oxygenation (bias = 10.1% -0.29 average O 2 saturation; r = 0.60; Po0.001). The positive bias at low levels of oxygenation and negative bias at high levels of oxygenation (Figure 2n) are consistent with the positive aNIRS intercept and the slope o1 in the regression of aNIRS with PV O 2 saturation (Figure  2k,l) . Part of the positive bias may be related to the fact that the Medtronic NIRS oximetry readout truncates at values o15%.
The tissue oxyhemoglobin saturation measured by aNIRS represents a mixture of arterial and venous blood. When the relationship of aNIRS oxyhemoglobin saturation was compared to arterial oxyhemoglobin saturation during graded hypoxia, a linear relationship was obtained with a correlation coefficient of 0.93 (Figure 3a) . In this case, however, Bland Altman analysis indicated a negative bias averaging 23.6%, over the entire range of arterial saturations (Figure 3b) . The lower aNIRS reading at each arterial O 2 saturation reflects the Articles | Chen et al. Abdominal NIRS in a model of GI hypoxia | Articles
We were also interested in determining whether the umbilical vein oxyhemoglobin saturation could serve as a surrogate for the portal vein oxyhemoglobin saturation. The relationship between portal and umbilical venous oxyhemoglobin saturations was also highly linear, with correlation coefficients ranging from 0.83 to 0.99 among the 12 piglets in which both measurements were obtained (Figure 4a-l) . The average regression coefficient was 0.93 (CI: 0.84, 1.02), which was not significantly different from one (P = 0.12) by t-test (Figure 4n) . The umbilical venous intercept averaged 5.8% (CI: 1.2, 10.4), which differed significantly from zero (Po0.02) by t-test (Figure 4m) . When we pooled the data from the 12 piglets, the correlation coefficient was 0.957, the regression slope was 0.93, and the umbilical venous intercept was 5.0% (Figure 4o) . The Bland Altman plot of the umbilical vein oxyhemoglobin saturation against the portal vein oxyhemoglobin saturation (Figure 4p ) indicted a mean bias of 2.2% (limits of agreement -10.8%, 15.2%), and this small bias did not significantly vary with the level of oxygenation (P = 0.36). Table 2 lists the physiologic values during the 3 h of SMA ligation. During SMA ligation, mean arterial pressure increased significantly from the baseline during the initial 15 min and then returned to the baseline. In the last 90 min of ligation, arterial pH and hemoglobin concentration significantly decreased, whereas temperature, heart rate, PaCO 2 , and PaO 2 were not significantly changed from baseline levels.
SMA Ligation
With SMA ligation, aNIRS saturation (Po0.001) and LDF (Po0.001) decreased acutely by 5 min after ligation, and remained low through 180 min (Figure 5a,b) . However, at 5 min and beyond, the aNIRS and LDF values did not vary over the duration of SMA ligation (P = 0.299 for aNIRS; P = 0.511 for LDF). The cNIRS saturations did not differ significantly from baseline ( Figure 5c ). The time-averaged change in the aNIRS reading among the eight piglets correlated with time-averaged change in LDF (r = 0.87; Figure 5d ). One piglet did not have the 5-and 10-min data because the time points were missed during the catheter manipulation. Two piglets died before completion of the 180-min post-ligation period.
SCOR
The SCOR ( = aNIRS/cNIRS) did not differ between FiO 2 levels with progressive, graded hypoxia (P = 0.876). However, the SCOR values decreased significantly after SMA ligation (Po0.0001; Figure 6 ).
DISCUSSION
Our findings indicate that aNIRS detects gastrointestinal hypoxia during whole-body hypoxia as well as during splanchnic hypoperfusion caused by SMA ligation in neonatal, full-term piglets. Oxyhemoglobin saturations determined by aNIRS and portal vein significantly correlated in a linear fashion during graded hypoxia, showing that aNIRS reflects gastrointestinal oxygenation over a wide range of hypoxia. Inaccuracies in the aNIRS readings occurred when portal vein saturations approached 15%, which is the lower boundary of NIRS. Nevertheless, the correlation remained tight at the low levels of tissue oxygenation, that would be of most importance in a clinical setting for flagging impending ischemia. Furthermore, inducing ischemia by SMA ligation caused terminal ileal blood flow and aNIRS to decrease acutely and remain low through 180 min. Specifically, the aNIRS oximetry decreased from approximately 60 to 30%, which implies that the arterio-venous O 2 content difference nearly doubled. A near doubling of the O 2 extraction would be expected to offset the observed 50% decrease in blood flow and help maintain O 2 uptake in the gut. Collectively, our piglet study supports the use of aNIRS to detect neonatal gastrointestinal hypoxia/ischemia.
During graded hypoxia, we found that the regression of aNIRS oximetry with portal vein O 2 saturation, although highly linear, had a positive intercept and a slope o1. One consideration is that aNIRS measures an average tissue oxyhemoglobin concentration that comprises arterial and venous compartments. The arterialized vascular compartment is smaller than the capillary and venous vascular compartments. Consequently, the aNIRS signal was consistently lower than the measured arterial oxyhemoglobin saturation during graded hypoxia (Figure 3) . In contrast, the admixture of arterialized blood in the oximetry signal presumably accounts for the positive intercept on the aNIRS axis, when correlated with a purely venous blood sample (Figure 2) . The observation that the slope of the relationship of aNIRS with portal vein oxyhemoglobin saturation is o1 suggests that the weighting of the arterial and venous compartments in the oximetry signal varies during hypoxia, such that the arterial compartment is more heavily weighted during severe hypoxia. This interpretation would be consistent with active vasodilation in the arterial compartment, and perhaps reflex constriction in the venous compartment during severe hypoxia. Other interpretations include non-uniform blood flow or metabolism within the gastrointestinal tract subtended by the NIRS optodes relative to the regions drained by the portal vein. Another consideration is that some nongastrointestinal tissue is captured by aNIRS.
The portal vein is formed from the union of the splenic and superior mesenteric veins, which carry blood from the intestines. Because portal vein sampling is not feasible in routine clinical practice, aNIRS might serve as a useful surrogate for measuring gastrointestinal oxygenation, given its close correlation with portal vein oxyhemoglobin saturation. Moreover, the umbilical and portal vein saturations correlated during hypoxia, in a highly linear manner, with a slope not different from one and with only a small positive intercept of the umbilical vein O 2 saturation (Figure 4) . Furthermore, the Bland Altman plot did not reveal a clinically meaningful bias between the two measurements over the entire range of oxygenation. Another study in piglets also reported a correlation between umbilical vein and portal vein O 2 saturations (8). Many critically ill neonates have umbilical catheters. Using a combination of aNIRS and umbilical vein oxyhemoglobin saturations might aid in the early detection of gastrointestinal hypoxia. The fact that the relationship between aNIRS and portal vein O 2 saturation was highly linear in every animal, implies that the aNIRS can be used to track trends in tissue oxygenation over time within a given patient. If, on the other hand, only one or infrequent aNIRS measurements can be obtained from a patient, the absolute value from aNIRS should still represent a value that is close to the actual portal vein O 2 saturation. This conclusion is supported by the pooled data in Figure 2m , which shows that most of the data points are close to the line of identity, especially at portal vein O 2 saturations o50%.
We manipulated gastrointestinal perfusion by ligating the SMA. Though we anticipated that the circulation from the celiac and the gastro-duodenal arteries would permit ileal blood flow to recover, we instead observed consistently low perfusion of~50% of baseline for 3 h. This observation suggests that collateral circulation from the celiac and gastroduodenal arteries limit gastrointestinal ischemia and that this collateral flow is already present within 5 min post ligation. The aNIRS signal was relatively stable through the 3 h of ischemia, a finding that also corresponds to a stable level of hypoperfusion.
Our findings are in agreement with other preclinical studies that have compared NIRS to gastrointestinal perfusion. NIRS correlated with SMA blood flow in abdominal compartment syndrome (9) and hemorrhage models (10) . Adult rabbits had decreased liver oxygenation with SMA occlusion (7). Moreover, lower aNIRS correlated with the development of NEC in premature piglets (6, 11) . In our model, a significant correlation was evident between the change in aNIRS and the decrease in the perfusion from baseline.
We calculated the SCOR because of growing interest in using splanchnic-to-cerebral oxygenation ratios to detect abdominal hypoxia. The SCOR decreased from a median of 0.9 to below 0.5, after SMA ligation. A threshold of 0.75 has been proposed as a marker of intestinal ischemia (12) . Fewer than 25% of the piglets had a baseline below 0.7, whereas, fewer than 25% had a SCOR above 0.7 during SMA ligation. Thus, our data support a threshold of~0.7. We did not confirm pathologic intestinal ischemia in this study, and thus, cannot determine whether SCOR was associated with pathologic injury. In contrast, the absence of a significant change of SCOR during worsening hypoxia in our model is likely due to the global delivery of hypoxia to both the vascular beds. In the literature, studies that evaluated SCOR used regional rather than global injury (12) (13) (14) . Moreover, our piglets were full-term gestation, and it is possible that the cerebral and splanchnic vasodilation response to hypoxia in premature neonates with NEC may differ from that of the full-term gestation neonates.
The tachycardia, hypotension, and acidosis that developed with progressive hypoxia and with prolonged SMA ligation reflect the expected hemodynamic and physiologic changes that occur with tissue hypoxia and hypoperfusion. Although rectal Articles | Chen et al.
temperature declined from 38.5 to 38.2°C in piglets that received graded hypoxia, these temperatures are within the range of swine normothermia. In addition, the decrease in hemoglobin levels during SMA ligation may have been secondary to intestinal capillary fluid absorption from low capillary hydrostatic pressure, which can cause hemodilution.
Options for long-term, noninvasive gastrointestinal monitoring are needed for both premature and full-term neonates, given the risk of early-or late-onset NEC (15) . Absolute tissue oxygenation levels ≤ 56% may be associated with an increased risk of NEC (16) . The safety and feasibility of neonatal aNIRS are well established (17) (18) (19) . With this technique, abdominal oxygen desaturation can be detected at least 24-48 h before NEC is diagnosed (3, 16, 17) . Importantly, aNIRS readings have been shown to improve after 24 h of bowel rest and antibiotics (14) .
Our study had several limitations. We did not include a sham control group that received neither hypoxia nor SMA ligation. We chose to conduct paired (within pig) comparisons during the course of progressive hypoxia or during SMA ligation to examine temporal changes in intestinal oxyhemoglobin saturation and blood flow within the same animal. This approach is similar to observing the physiologic trends in a neonate during clinical practice. Investigators who recorded the data during graded hypoxia or SMA ligation were not blinded to treatment. The sample size was small in our pilot study, but we will use the data to design future studies of piglet gastrointestinal ischemia. Finally, we did not study the intestinal pathology to confirm NEC or other signs of cellular ischemia. We also did not examine the effects of partial splanchnic ischemia or hypoperfusion or hypoxia-ischemia, which are common clinical scenarios in neonatology.
CONCLUSION
Our pilot study in full-term, neonatal piglets supports the use of aNIRS to detect gastrointestinal hypoxia or disruptions in intestinal perfusion. Using both aNIRS and umbilical venous oxyhemoglobin saturation may contribute to early identification of neonates with gastrointestinal hypoxia, before irreversible injury occurs.
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